This study examines auditory brainstem responses ͑ABR͒ elicited by rising frequency chirps. Two chirp stimuli were developed and designed such as to compensate for cochlear travel-time differences across frequency, in order to maximize neural synchrony. One chirp, referred to as the O-chirp, was based on estimates of human basilar membrane ͑BM͒ group delays derived from stimulus-frequency otoacoustic emissions ͑SFOAE͒ at a sound pressure level of 40 dB ͓Shera and Guinan, in Recent Developments in Auditory Mechanics ͑2000͔͒. The other chirp, referred to as the A-chirp, was derived from latency functions fitted to tone-burst-evoked ABR wave-V data over a wide range of stimulus levels and frequencies ͓Neely et al., J. Acoust. Soc. Am. 83͑2͒, 652-656 ͑1988͔͒. In this case, a set of level-dependent chirps was generated. The chirp-evoked responses, particularly wave-V amplitude and latency, were compared to click responses and to responses obtained with the original chirp as defined in Dau et al. ͓J. Acoust. Soc. Am. 107͑3͒, 1530-1540 ͑2000͔͒, referred to here as the M-chirp since it is based on a ͑linear͒ cochlea model. The main hypothesis was that, at low and medium stimulation levels, the O-and A-chirps might produce a larger response than the original M-chirp whose parameters were essentially derived from high-level BM data. The main results of the present study are as follows: ͑i͒ All chirps evoked a larger wave-V amplitude than the click stimulus indicating that for the chirps a broader range of spectral components contributes effectively to the ABR. ͑ii͒ Only small differences were found between the O-chirp and M-chirp responses at low and medium levels. This indicates that SFOAE may not provide a robust estimate of BM group delay, particularly at low frequencies, or that frequency-dependent neural delays exist which are not reflected in the design of these chirps. ͑iii͒ The A-chirp produced the largest responses, particularly at low stimulation levels. This chirp might therefore be valuable for clinical applications, particularly in tests where the click stimulus has been used so far.
I. INTRODUCTION
Transient stimuli like clicks are commonly used in electrophysiological research of the human auditory system to elicit synchronized auditory brainstem responses ͑ABR͒. The click is the most common stimulus used in recording the ABR, whether for neurodiagnostic or audiologic purposes. However, in the cochlea, the response to a click is not entirely synchronous: The peak of the response occurs several milliseconds later in low-frequency channels than it does in high-frequency channels ͑e.g., von Békésy, 1960; Kiang et al., 1965; Kiang, 1975͒ . This is mainly a result of the change of stiffness along the cochlear partition. As a consequence, the phase velocity of the traveling wave depends in a characteristic way upon location, which causes spatial dispersion. It takes more time for the low-frequency region to reach maximal displacement at the apical end of the cochlea. Electrophysiological responses to broadband transients like clicks appear to be largely generated by the synchronized activity of the high-frequency channels on their own. For example, Don and Eggermont ͑1978͒ measured human ABR in response to clicks masked by high-pass noise with different cut-off frequencies. This masking technique revealed that the latencies in response to low-frequency stimuli are delayed relative to high frequencies. Don and Eggermont concluded from their data that all frequency regions contribute to the ABR but that the response is dominated by contributions from the 2-3 octaves towards the basal end.
In a later study, Don et al. ͑1994͒ developed a technique of ''normalizing'' click-evoked ABR using high-pass noise masking. They adjusted for differences in the neural conduction time ͑wave I-V delay͒ through compression or expansion, and for differences in the cochlear response time through shifts of the derived ''narrowband'' ABR patterns. A summation of the compressed and time shifted responses resulted in the so-called ''stacked ABR.'' Their study demonstrated the effect of temporal delays of cochlear activation on the component amplitude of the compound ABR. In a later study, Don et al. ͑1997͒ showed that this technique is particularly useful for the detection of small intracanalicular acoustic tumors.
A different approach was used by Dau et al. ͑2000͒ and Wegner and Dau ͑2002͒ to study the effects of cochlear dispersion on the formation of ABR. They demonstrated that upward chirps can strongly affect ABR wave V. Their chirp was designed to produce simultaneous displacement maxima along the cochlear partition by compensating for frequencydependent traveling-time differences. Their equations determining the temporal course of the chirp were derived on the basis of a linear cochlea model ͑de Boer, 1980͒ and were calculated to be the inverse of the delay-line characteristic of the human cochlear partition. The fundamental relationship between stimulus frequency and place of maximum displacement was taken from Greenwood ͑1990͒. ABR evoked by the broadband chirp showed a larger wave-V amplitude than corresponding click-evoked responses. Dau et al. ͑2000͒ demonstrated that the ABR is not an electrophysiological event purely evoked by onset or offset of an acoustic stimulus, but that an appropriate temporal organization, determined in part by basilar-membrane ͑BM͒ traveling-wave properties, can significantly increase synchrony of neural discharges. Wegner and Dau ͑2002͒ demonstrated that such a chirp is also very useful for retrieving frequency-specific information, particularly at low frequencies.
The model of de Boer ͑1980͒ is based upon the experimental observations of von Békésy ͑1960͒. Von Békésy's measurements were performed with the aid of a microscope to detect and measure the movements of cochlear structures. The movements had to be much larger than under the influence of ''natural'' sounds. In fact, von Békésy used very high sound pressure levels ͑SPL͒, of the order of 120 to 140 dB. In later studies, cochlear vibration patterns were measured with more sensitive techniques and under more natural circumstances. These studies of cochlear mechanics have established that the response of the BM to tones at characteristic frequency ͑CF͒ is generally nonlinear and compressive while it responds essentially linearly to tones with a frequency well below CF ͑e.g., Rhode, 1971; Sellick et al., 1982; Robles et al., 1986; Ruggero et al., 1997; Rhode and Recio, 2000͒ . At low stimulus levels, if plotted as isointensity curves as a function of stimulus frequency, the BM response patterns are sharply frequency tuned around the CF. Recent psychophysical studies suggest that the BM is also the primary source of the nonlinearities observed in masking experiments ͑e.g., Oxenham and Plack, 1998; Plack and Oxenham, 1998͒ and that cochlear nonlinearities have a significant influence on a wide range of basic auditory processes, such as frequency selectivity ͑e.g., Moore et al., 1999͒, temporal integration ͑Oxenham et al., 1997͒ , and loudness growth ͑e.g., Yates et al., 1990; Moore and Glasberg, 1997͒ . Damage to the cochlea, and in particular the outer hair cells, results in a reduction in sensitivity and a loss of compression at CF ͑Rug-gero and Rich, 1991; Ruggero et al., 1995͒. In such a situation, the pattern of BM vibration is similar to the ''insensitive'' response, originally found by von Békésy.
Recently, Shera and Guinan ͑2000, 2003͒ introduced a method to measure BM group delay in the human auditory system. They measured stimulus-frequency otoacoustic emissions ͑SFOAE͒ for a stimulus level of 40 dB SPL, and derived the SFOAE group delay, SFOAE , from the slope of the SFOAE-phase versus frequency function. According to the theory of coherent reflection filtering ͑Shera and Zweig, 1993; Zweig and Shera, 1995͒ The current study deals with the development and test of chirp stimuli in an attempt to find an ideal stimulus eliciting ABR in humans. One chirp is generated based on the SFOAE data by Shera and Guinan ͑2000͒. The second chirp is generated on the basis of ABR wave-V latency data by Neely et al. ͑1988͒ . Corresponding chirp-evoked responses are compared at various stimulus levels with results obtained with the original model-based chirp by Dau et al. ͑2000͒ , and with conventional click data. The underlying hypothesis is that, at low stimulation levels, the new chirps might produce a better synchronization than the original chirp since the latter one was derived on the basis of high-level BM data. The results of the present study could be valuable both for a better understanding of basic mechanisms underlying the generation of ABR and for clinical applications using chirpevoked ABR as an objective indicator of hearing threshold.
II. CHIRP STIMULI

A. OAE-based chirp stimulus "O-chirp…
The first chirp stimulus is based on the experimental SFOAE data of Shera and Guinan ͑2000͒. They did experiments for stimulus frequencies in the range from 0.5 to 10 kHz in humans, at a level of 40 dB SPL. Emission group delays, SFOAE , were calculated and related to BM group delays, BM ϭ0.5ϫ SFOAE , as a function of CF. The data can be roughly approximated by the following function ͑Shera, personal communication͒:
with the constants cϭ0.15 s and ␣ϭϪ0.5. 1 BM,O can also be interpreted as reflecting the propagation time t( f ) needed to arrive at the place of resonance for frequency f . In order to compensate for dispersion across frequency, we introduced the variable transformation t→t 0 Ϫt, with t 0 ϭ BM,O (50 Hz) and calculated the following inverse func-
͑3͒
This function, reflecting the change of the instantaneous frequency with time was then integrated over time to derive the instantaneous phase O (t) of the resulting chirp
͑5͒
The chirp stimulus is then given by
whereby 0 determines the starting phase of the chirp. The amplitude factor A O (t) was chosen as
in order to produce a stimulus with a flat magnitude spectrum. Since the stimulus s O (t) is based on OAE data, it is referred to as the ''O-chirp'' throughout the present paper.
B. ABR-based chirp stimulus "A-chirp…
The second chirp stimulus developed in this study is based on the tone-burst-evoked ABR data by Gorga et al. ͑1988͒ . They used tone bursts at ten frequencies ͑0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, and 8 kHz͒ and nine intensities ͑20 to 100 dB SPL in 10-dB steps͒. Their data were described by Neely et al. ͑1988͒ by a power law ͓cf. Eq. ͑1͔͒, relating latency to stimulus frequency, assuming that the total wave-V latency represents the sum of mechanical and neural components. Neely et al. ͑1988͒ assumed the neural component to be independent of frequency and level. The second term in their Eq. ͑1͒ was assumed to represent the component of ABR latency due to the mechanical propagation within the cochlea. Hence they estimated the BM group delay by
where i represents the tone-burst intensity ͑in dB SPL divided by 100͒, f represents tone-burst frequency ͑divided by 1 kHz͒, and b, c, and d are constants with the values b ϭ12.9 ms, cϭ5.0, and dϭ0.413, according to the data fit from Neely et al. ͑1988͒ . Whether this term actually represents only the mechanical component of the observed ABR latency, as assumed by Neely et al. ͑1988͒, or inherently also some frequency and/or level-dependent neural/synaptic contribution, has not been resolved yet. In any case, Eq. ͑8͒ represents the frequency and level-dependent part of wave-V latency. From this, the inverse function and the function for the instantaneous phase A (i,t) can be calculated as follows:
whereby 0 defines the starting phase of the chirp. The amplitude factor A A (i,t) was chosen as
in order to produce a stimulus with flat magnitude spectrum. Throughout the current study, the stimulus s A (i,t) will be referred to as the ''A-chirp,'' since it is based on ABR data.
C. Comparison of the different chirp stimuli
The O-and A-chirps are compared to the original chirp defined in Dau et al. ͑2000͒ that was based on de Boer's ͑1980͒ linear cochlea model. For direct comparison, the realization of the chirp with a flat magnitude spectrum is used that was also developed in Dau et al. ͑2000͒ and denoted as the ''flat-spectrum chirp.'' Since this chirp is based on a model, it is referred to as the ''M-chirp'' in the following.
Within de Boer's ͑1980͒ model, the propagation time, BM,M ( f ), needed to arrive at the place of resonance for the frequency f , is approximately given as
which clearly differs from Eqs. ͑2͒ and ͑8͒ representing the corresponding functions for the two other chirps. The left panel of Fig. 1 illustrates the calculated BM group delays on the basis of Eqs. ͑2͒, ͑8͒, and ͑12͒. The group delays derived from the SFOAE experiments ͑solid curve͒ are about 2-5 ms larger than those predicted on the basis of de Boer's model ͑dashed curve͒. The shaded dots represent the original BM group delay estimates of the SFOAE data by Shera and Guinan ͑2000͒. ward higher values is reasonable, at least qualitatively, since frequency selectivity is increased at lower levels and this should be accompanied by a larger group delay at all frequencies. The group delay estimates predicted by the equation of Neely et al. ͑1988͒ depend on frequency and intensity ͑dotted curves͒. At medium levels, the delay is between about 1 ms ͑at 10 kHz͒ and about 8 ms ͑at 0.1 kHz͒. For the generation of the chirps, not the absolute values but the change of group delay with frequency is important. Thus, the derivative of the group-delay versus frequency function is shown in the right panel of Fig. 1 . The main differences between the SFOAE-based curve and the modelbased prediction occur at low frequencies, but differences are also present at frequencies above 500 Hz. This means that the instantaneous frequency of the corresponding O-chirp will vary more slowly than that of the M-chirp, particularly at low frequencies. The corresponding ABR-based groupdelay functions clearly differ from the other ones. There is a large variation with stimulus level. For example, at higher levels, the resulting A-chirp will vary much faster in instantaneous frequency over time than in the cases of the O-and M-chirp, resulting in much shorter chirp durations. This is shown in Fig. 2 and described in more detail further below.
III. METHOD
A. Subjects
Nine normal-hearing subjects ͑two female and seven male͒ with no history of hearing problems and audiometric thresholds of 15 dB HL or better participated in the experiments. All subjects were between 28 and 38 years of age, and either volunteered or were paid for the participation in the experiments.
B. Apparatus
The experiments were carried out with a PC-based computer system which controlled stimulus presentation and recording of evoked potentials. A digital signal processing ͑DSP͒ card ͑Ariel DSP32C͒ converted the digitally generated stimulus ͑16 bit, 25 kHz sampling rate͒ to an analogous waveform. The output of the DSP card was connected to a digitally controlled audiometric amplifier, which presented the stimulus through an insert earphone ͑Etymotic Research ER-2͒ to the subject.
Electroencephalic activity was recorded from the scalp via silver/silver chloride electrodes, attached to the vertex ͑positive͒ and the ipsilateral mastoid ͑negative͒. The forehead served as the site for the ground electrode. Interelectrode impedance was maintained below 5 k⍀. Responses were amplified ͑80 dB͒ and filtered ͑30-3000 Hz͒ with a commercially available evoked potential amplifier ͑TDT DB4/HS4͒. The amplified signal was digitized by the DSP card ͑16 bit, 25 kHz sampling rate͒, which also performed artifact rejection and signal averaging. Responses were recorded for 37 ms following the stimulus onset. Offline filtering ͑digital low-pass, 1600 Hz, order 4͒ was done to suppress noise.
C. Stimuli and procedure
Chirps as described in Sec. II were used as stimuli. The nominal edge frequencies of the chirps were 0.1 and 10 kHz resulting in durations of 13.52 ms for the O-chirp and 10.32 ms for the M-chirp. The durations for the A-chirp varied between 5.72 ms for a sensation level ͑SL͒ of 60 dB and 12.72 ms for 10 dB SL. To compare results with standard ABR measurements, an 80-s click stimulus was generated. The upper left panel of Fig. 2 shows the acoustic waveforms of the O-chirp, the M-chirp, and the click stimulus. The waveforms of the A-chirp for stimulation levels of 10, 30, and 60 dB SL are depicted in the upper right panel. The corresponding acoustic spectra are given in the lower panels. They were obtained by coupling the ER-2 insert earphone to a Brüel and Kjaer ear simulator ͑type 4157͒ with a 1/2-inch condenser microphone ͑type 4134͒, a 2669 preamplifier, and a 2610 measuring amplifier. The spectra were derived from fast Fourier transforms ͑FFTs͒ of 100-trial time-domain averages of the stimulus over an analysis frame of 2048 samples using a sampling rate of 25 kHz. The waveforms were not windowed prior to FFT.
Since Shera and Guinan ͑2000͒ collected only very few data points below 0.5 kHz, Eq. ͑2͒ may represent only a poor description of the real behavior in this frequency region. Therefore, additional O-and M-chirp stimuli were generated with nominal edge frequencies of 0.5 and 10 kHz. The corresponding durations were 5.24 ms for the O-chirp and 3.68 ms for the M-chirp. Figure 3 shows the acoustic waveforms ͑left panel͒ and spectra ͑right panel͒ of these stimuli.
For all stimuli, the presentation level was varied between 10 and 60 dB SL in 10-dB steps. To determine the sensation level for the click, M-chirp and O-chirp, the absolute hearing thresholds were measured individually with an adaptive three-interval three-alternative forced-choice ͑one-up, two-down͒ procedure. At threshold ͑0 dB SL͒ the mean peak-equivalent sound pressure level ͑peSPL͒ was 47.2 dB for the click, 40.5 dB for the 0.1-10-kHz M-chirp, and 37.3 dB for the 0.1-10-kHz O-chirp.
The time course of the A-chirp varies with level. Thus, to be able to calculate the time course of, e.g., the 60-dB SL A-chirp one needs to know the peSPL value corresponding to 60 dB SL. This requires the knowledge of the corresponding hearing threshold. To determine the hearing threshold one needs to have the time course of the corresponding chirp. To get around this problem, a hearing threshold of 40 dB peSPL was assumed, comparable to the one for the M-chirp. This resulted in presentation levels between 50 and 100 dB peSPL, corresponding to the sensation levels from 10 to 60 dB. To verify this approach, hearing thresholds for the 10-, 30-and 60-dB SL realizations of the A-chirp were measured individually with the same procedure as described above. This resulted in different hearing thresholds for the different chirps, with a mean value of 37.5 dB peSPL, ranging from 36.1 to 38.9 dB peSPL. The presentation levels for the A-chirp were therefore overestimated by less then 3.9 dB.
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The subject lay on a couch in an electrically shielded, soundproof room, and electrodes were attached. The subject was instructed to keep movement at a minimum, and to sleep if possible. The lights were turned off at the beginning of the session. Each session lasted between one and two hours, depending on the subject's ability to remain still. The ear of stimulation was chosen randomly, i.e., for each subject one ear was chosen and then maintained. The acoustic signals were delivered at a repetition rate of 20 Hz for all stimulus conditions. A temporal jitter of Ϯ2 ms was introduced to minimize response superimposition from preceding stimuli. Thus the time interval between the onsets of two successive stimuli varied randomly and equally distributed between 48 and 52 ms. Each trial consisted of 3000 averages. For each stimulus condition, two independent trials were stored in separate buffers. These are illustrated as superimposed wave forms in the figures to show response replicability.
D. Statistical analysis
Wave-V peak-to-peak amplitude was analyzed in all stimulus conditions. The amplitude was measured from the peak to the largest negativity following it. For each condition, wave-V amplitude was averaged across subjects. A Wilcoxon matched-pairs signed-rank test (␣ϭ0.05) was performed to test whether the response amplitude differed significantly for two comparison stimuli. Figure 4 shows mean ABR, averaged across all nine subjects, obtained with the OAE-based ͑0.1-10-kHz͒ O-chirp ͑upper left panel͒, the original model-based M-chirp ͑upper right panel͒, the ABR-based A-chirp ͑lower left panel͒, and the click ͑lower right panel͒. Results for different stimulus levels are indicated on separate axes along the ordinate, and labeled with the corresponding sensation level ͑dB SL͒. Wave-V peaks are marked by small black triangles. Wave V is the only peak that can be observed in all stimulus conditions. For the O-chirp, no earlier waves are present, even at the highest stimulation levels. In contrast, for the M-chirp, A-chirp, and the click, waves I and III become visible at the highest levels. Interestingly, for the A-chirp, wave I is visible even down to a level of 20 dB SL. Figure 5 ͑left panel͒ summarizes the quantitative values for the mean wave-V amplitude as a function of the stimulation level. The click-evoked wave-V amplitude, represented by the filled squares, is always smaller than that obtained with any of the broadband chirps, represented by the other filled symbols. For example, the M-chirp ͑filled circles͒, leads to amplitude values that are more than twice the values for the click at most stimulus levels. This agrees well with the results found in Dau et al. ͑2000͒. At the lowest stimulation level, the A-chirp ͑filled downward triangles͒ evoked an amplitude that is about three times as large as that for the click. The amplitude-level function for the A-chirp looks like shifted by about 0.44 V with respect to the click curve. For the A-and M-chirp, statistical analysis revealed significantly larger amplitudes than for the click at all stimulus levels while for the ͑broadband͒ O-chirp the difference was significant only for 10 and 40 dB SL. Now consider the results for the O-chirp ͑filled upward triangles͒ in comparison to the original M-chirp ͑filled circles͒, having in mind that the O-chirp was based on 40 dB SPL otoacoustic emission data while the M-chirp was derived from a ͑linear͒ cochlea model based on high-level BM data. At levels of 40 dB SL and above, wave-V amplitude is smaller for the O-chirp than for the M-chirp, while at the lower levels, wave-V amplitude is about the same for the two stimuli. Statistical analysis of the amplitude data revealed significant differences between the O-and M-chirp only for levels of 50 and 60 dB SL, where wave-V amplitude for the M-chirp is higher. The results for the smaller chirp bandwidth, ranging from 0.5-10 kHz, are indicated by the corresponding open symbols. Results for the O-and the M-chirp are given by triangles and circles, respectively. The response waveforms are not shown explicitly for these two conditions. Statistical analysis revealed a significant difference between the two chirps only for a level of 20 dB SL, where the O-chirp evoked a higher wave-V amplitude than the M-chirp.
IV. RESULTS
Next consider the results for the A-chirp ͑filled downward triangles͒ in comparison to the original one ͑M-chirp͒. The A-chirp resulted in a larger wave-V amplitude than the M-chirp ͑and any other stimulus tested here͒ at nearly all stimulation levels. However, statistical analysis revealed significant differences between A-and M-chirp only for low stimulation levels ͑10 and 20 dB SL͒.
Comparison of the results for the A-chirp and the O-chirp shows that the A-chirp elicited a higher wave-V amplitude than the O-chirp at all stimulation levels used here. In this case, statistical analysis results in significant differences for low and high stimulation levels ͑10, 20, 50, and 60 dB SL͒. The right panel of Fig. 5 shows the mean wave-V latency behavior obtained with the different stimuli. Except for the A-chirp, all functions are roughly in parallel to each other but shifted relative to each other by some amount. For these functions, the latency decreases by about 2-3 ms for a 50-dB level change ͑from 60 to 10 dB SL͒, which is consistent with literature data ͑e.g., Hoth and Lenarz, 1994͒. The main differences between the functions correspond to the differences in the respective stimulus durations, as is illustrated by the shaded functions in the same panel of the figure. They indicate the latency values for the three broadband chirps relative to stimulus offset instead of stimulus onset. The very similar values in this view are consistent with the idea behind the chirp paradigm that, ideally, the displacement maxima on the BM should occur in all channels at the same time, and thus, the latencies for the chirp and the click should be similar if expressed relative to stimulus offset. Thus, since the duration of the A-chirp changes strongly with level, this must be directly reflected in a relatively steep function if expressed relative to stimulus onset.
V. DISCUSSION
Previous studies have shown that an upward chirp can evoke a significantly larger wave-V amplitude than the conventional click ͑Dau et al., 2000; Wegner and Dau, 2002͒. The equations defining the upward chirp in these earlier studies were calculated to be the inverse of the delay-line characteristic of the cochlear partition on the basis of de Boer's ͑1980͒ cochlea model. However, since this model does not take BM nonlinearity ͑compression͒ into account which is associated with level-dependent frequency selectivity, the model probably underestimates real BM group delays at low and medium stimulus intensities. The intention of the present study was to design and test chirp stimuli that might potentially cause an even larger neural synchronization than the original chirp, at least at lower stimulus intensities. Two different strategies for the generation of the stimuli were used: One stimulus, the O-chirp, was calculated from stimulusfrequency-emission group-delay data by Shera and Guinan ͑2000͒, recorded at a stimulation level of 40 dB SPL in humans. The other stimulus, the A-chirp, was based on measured ABR wave-V latency values obtained with tone pulses at various frequencies and levels. The corresponding responses evoked by these chirps were compared with results obtained with the original M-chirp and the click.
A. Usefulness of the OAE-based chirp stimulation for ABR
The data of the present study showed only small differences between O-and M-chirp stimulation. For the frequency region above 500 Hz, where reliable SFOAE data were available, the two 0.5-10-kHz chirps produced about the same wave-V amplitude ͑open symbols in Fig. 5͒ . No significant advantage was found for the O-chirp at the lower levels ͑except for 20 dB SL͒, and no advantage was observed for the M-chirp at higher levels. For the broadband conditions ͑0.1-10 kHz; closed circles and upward triangles in Fig. 5͒ , the M-chirp produced a larger potential amplitude than the corresponding O-chirp at the two highest levels. This indicates that, for the O-chirp, our assumed extrapolated group-delay-versus-frequency function at the very low frequencies ͑0.1-0.5 kHz͒ probably does not match the real system very well. At these very low frequencies, the function underlying the M-chirp appears to represent the better choice.
What might be the reason͑s͒ for the similar results at low intensities obtained with these two stimuli? The hypothesis underlying the generation of the O-chirp was that, according to the theory of reflection filtering ͑Shera and Zweig, 1993; Zweig and Shera, 1995͒, reflection-source emission group delay is determined by the group delay of the BM mechanical transfer function at its peak. Thus, otoacoustic emissions may be used to provide a noninvasive measure of BM group delay, at least at low levels. However, it is possible that the estimate of the BM group delay by the SFOAEbased group delay is not very reliable. First, the emission data show large scatter and vary considerably with frequency ͑see Fig. 1͒ , even though the trend lines of Shera and Guinan ͑2003͒ were quite robust within and across subjects. This large variability seems consistent with results from the study by Neely et al. ͑1988͒ where also large variations of OAE data were found within and across subjects. The scatter in the OAE data does not seem to arise from measurement noisethe measurements are quite reproducible in each subject ͑Shera and Guinan, 2003͒. Instead, the scatter may come from intrinsic variations in emission phase that are correlated with variations in emission amplitude across frequency ͑Shera and Guinan, 2003͒. Second, the ratio SFOAE / BM ͑de-rived from their animal experiments͒ was found to be somewhat less than the predicted value of 2 such that there might be a mismatch in the predicted BM group delay above 1 kHz. Third, further following the recent findings of Shera and Guinan ͑2003͒, there is a breakdown in the proportion- ality between emission and mechanical BM group delay in the apical part of the cochlea. Thus, for frequencies below 1 kHz, it is uncertain if the SFOAE data can be used to get a reliable estimate of BM group delay.
The O-chirp of the present study was based on a formula whose parameters differ somewhat from those suggested by Shera and Guinan on the basis of their most recent results ͑Shera and Guinan, 2003͒. The group-delay versus frequency function representing their fit to these recent data is indicated as the gray line starting at 1 kHz in Fig. 6 . The group delay in this figure is indicated in dimensionless form in units of periods of the stimulus frequency, and expressed as BM group delay ͓assuming BM ( f )ϭ0.5ϫ SFOAE ( f )]. In addition, the raw data as well as the other curves from Fig. 1 are replotted here for comparison. The different scale was used in order to make the data easily comparable with the figures in Shera and Guinan ͑2003͒. It is possible, in principle, that a chirp based on the estimate, in combination with an appropriate extension toward the lower frequencies (Ͻ1 kHz), would lead to larger evoked response amplitudes.
Indeed, the finding that the OAE based chirp does not produce a larger response amplitude than the other chirps does not necessarily imply that SFOAE group delay is a poor estimator of BM group delay. The contributions of the lowfrequency components of the stimulus to the ABR are mainly responsible for the advantage of the chirp over the click ͑Dau et al., 2000; Wegner and Dau, 2002͒ . In fact, it is still possible that the estimate of BM group delay using SFOAE is reasonable at medium and high frequencies while it may be problematic at frequencies below about 1 kHz. Another aspect is that it is problematic to compare the results of the intensity-independent O-chirp with the results of the intensity-dependent A-chirp except at levels near the one used in the OAE measurements ͑40 dB SPL͒. It is possible, at least in principle, that had the SFOAE delay estimates been available for a similar range of intensities, no significant differences between A-and O-chirps would have been found at any intensity. At 30 and 40 dB SL, the differences were not significant ͑see Sec. IV͒. Finally, in more general terms, it is important to note, that a stimulus that causes a maximum amount of synchronicity at brainstem level ͑where wave V is generated͒ does not necessarily imply that the same stimulus also causes a maximum synchronized activity at BM level, as has been implicitly assumed in our previous studies ͑Dau et Wegner and Dau, 2002͒ and also indirectly in the study by Neely et al. ͑1988͒ . Wave-V latency always represents the sum of a mechanical and a neural delay, and the neural delay also might be frequency-and level-dependent. It is not well known what exactly needs to be synchronized to maximize ABR amplitude. It is possible that maximal ABR occur when first-spike latencies are equalized across CF. However, first-spike latencies are not necessarily corresponding to group delays. Thus, the O-chirp might not be optimal even if SFOAEs would provide a good measure of BM group delay.
B. Capabilities of the ABR-based chirp-stimulation paradigm
The recordings obtained with the A-chirps showed the largest response amplitude. Indeed, wave-V amplitudes for the A-chirp were found to be higher than for any of the other stimuli of the present study at most stimulation levels. This was true even though the chirp was designed on the basis of average data from a completely different set of subjects ͑Gorga et al., 1988͒ and using different equipment for the recordings as in the present study. One might argue that it is not surprising to obtain good ABR results with a stimulus that was developed on the basis of ABR data. On the other hand, for a complex and nonlinear system like the auditory system, it is not clear in advance that a composite stimulus like the chirp, that sweeps through the frequencies at a rate determined by the latency values obtained in separate recordings with ͑transient͒ tone pulses would necessarily lead to such large responses. At medium and high stimulation levels, the excitation on the BM in response to tone pulses is certainly not frequency specific, due to effects of spread of excitation associated with cochlear nonlinearities. However, at low levels, the quasilinear approach that is implicitly assumed in the chirp-generation paradigm might be appropriate. The results of the present study clearly suggest that the A-chirp represents a very effective stimulus. The advantage is particularly large at low stimulation levels where the response amplitude is about three times as large as that obtained with click stimulation ͑even though the peak equivalent sound pressure level of the click was about 10 dB higher than that for the A-chirp if compared at the same SL͒. The finding that the A-chirp also produces the clearest wave I suggests that it also very effectively stimulates the earliest neural processing station, the auditory nerve. However, since the derivation of the chirp was based on ABR wave-V latency data, it remains not possible to clearly separate between mechanical and neural/synaptic delays. In fact, the results of the present paper do not depend on whether the assumptions of Neely et al. ͑1988͒ about the relative contributions of mechanical and neural delay are true or not. It is not possible to finally verify or falsify their assumptions on the basis of our experimental data. However, whatever the exact contributions of the different components to the overall delay are, the A-chirp may in any case be interesting and valuable for clinical application, e.g., as an objective indicator of hearing threshold. It might be particularly useful in all applications where the traditional click stimulus has been used so far.
VI. SUMMARY AND CONCLUSIONS
᭹ Two chirp stimuli were developed such as to compensate for travel-time differences across frequency. One stimulus, the O-chirp, was based on BM group-delay estimates ͑at 40 dB SPL͒ obtained with SFOAE ͑Shera and Guinan, 2000͒. The other one, the A-chirp, was based on functions fitted to tone-pulse-evoked ABR wave-V latencies at various stimulation levels ͑Gorga et Neely et al., 1988͒ . ABR obtained with these chirps were compared to click responses and responses to the original chirp stimulus, the M-chirp, which is based on a linear cochlea model ͑Dau et al., 2000͒. ᭹ All chirps caused a larger wave-V response amplitude than the click. This is mainly caused by activity from the entire frequency range contributing to the chirp response while in the case of the click the lower frequencies do not contribute effectively to the response. ᭹ No significant differences between the response amplitudes obtained with the O-chirp and the M-chirp were found, not even at low stimulation levels where an advantage of the O-chirp was expected. One possible explanation might be that SFOAE group delays do not allow a reliable estimate of BM group delays, particularly at low frequencies (Ͻ1 kHz). Another explanation might be that level-and frequency-dependent neural delays are involved in ABR ͑wave-V͒ latency which are not reflected in the design of these two chirps. ᭹ The A-chirp caused the largest responses and is particularly effective at very low levels where wave-V amplitude is about three times as large as for the click. This leveldependent chirp intrinsically includes both mechanical and neural delays since it was derived from wave-V latency data. The A-chirp might be very useful for clinical applications, e.g., in connection with objective tests of hearing threshold. Specifically, this chirp might be valuable in all applications where the standard click stimulus has been used so far.
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1
These constants describe the fit to the data of Shera and Guinan ͑2000͒. In the meantime, the authors collected more data points and provided different values for the two parameters: cϭ0.43 s and ␣ϭϪ0.63 ͑Shera and Guinan 2003͒. The time point t 0 can be chosen somewhat arbitrarily. The only constraint is that the denominators of the fractions inside the brackets in Eq. ͑5͒ are not allowed to be zero. Dau et al. ͑2000͒ used t 0 ϭt(0 Hz). Since this value is not defined within Eq. ͑2͒, we used t 0 ϭ BM,O (50 Hz). 3 t 0 (i) can again be chosen somewhat arbitrarily, but in this case it is a function of the stimulus intensity i. We chose t 0 (i)ϭ BM,A (i,50 Hz).
4
A more accurate method would have been to use these thresholds to calculate new realizations of the 10-to 60-dB SL A-chirps and to measure their thresholds again. However, this would have resulted in a time-consuming iterative process.
